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FAILURE MECHANISMS FOR 
INTERNALLY PRESSURIZED THIN-WALL TUBES 

AND THEIR RELATIONSHIP TO 
FUEL-ELEMENT FAILURE CRITERIA 

by 

F . L. Yaggee and Che-Yu Li 

ABSTRACT 

Tube creep- to- rupture data for internally p r e s su r ­
ized thin-wall tubes a re reviewed and analyzed. Two failure 
mechanisms are apparent: (a) failure controlled by mechani­
cal instability ( transgranular) , and (b) failure controlled by 
grain-boundary sliding ( intergranular) . The dependence of 
the failure mode and the strain at failure of a fuel-element 
cladding on s t r e s s , temperature , strain rate, and method of 
loading (gas p ressu re versus fuel swelling) a re discussed. 
The experimental resul ts a re also presented "with reference 
to their applicability in the formulation of fuel-element fail­
ure c r i te r ia . 

I. INTRODUCTION 

This report presents the experimental results of shor t - te rm tube-
burst and longer - te rm creep-to-fai lure tes ts of thin-wall austenitic stain­
less steel tubes. The effects of s t r e s s , temperature , and strain rate on the 
strain at failure and the failure mode are considered. The implications of 
these test resul ts on the behavior of fuel-element cladding are discussed 
as they relate to the development of fuel-element failure cr i te r ia . 

P r i m a r y consideration is being given to austenitic stainless steel 
as the fuel-element cladding in the development of the Liquid Metal Fas t 
Breeder Reactor (LMFBR). Loading mechanisms for the cladding in the 
region of the fuel column can result from fuel swelling or fission-gas r e ­
lease, depending on the fuel-element design and operating conditions. 

In the plenum volume of a fuel element located above the fuel, gas-
p ressu re loading will always be the controlling loading mechanism. In 
addition to the complex loading system, the cladding is simultaneously ex­
posed to a hostile environment that includes radiation damage and the pos­
sibility of chemical attack by fission products and the liquid-sodium coolant. 
The mechanical loading in consort with the reactor environment will have 



a degrad ing effect on the cladding p r o p e r t i e s and lead to ^ - - " ^ ' y y ^ y 
fa i lu re m e c h a n i s m s . P ruden t fue l -e lement des ign m u s t - " . ^ ^ ^ " ^ J J ' ; " ^ ^ ^ ^ 
s i d e r a l l poss ib le syne rg i s t i c effects of the to ta l r e a c t o r - - " " - ^ ^ J j ' ^ ^ " 
r e a l i s t i c fa i lure c r i t e r i a a r e formula ted . R e a c t o r sa fe ty '^^^^^^yy'^.^.^^^ 
dic ta te that spec ia l a t tent ion be given to a b n o r m a l r e a c t o r o p e r a t i n g c o n d i t i o n s . 

An ana lys i s of o u t - o f - r e a c t o r t u b e - b u r s t and c r e e p - t o - f a i l u r e r e ­
su l t s shows a specif ic and reproduc ib le r e l a t i o n s h i p be tween s t r a i n a t f a i l ­
u r e and the fa i lure mode a s a function of s t r e s s level , s t r a i n r a t e , and 
t e m p e r a t u r e . These r e su l t s then suggest an a p p r o a c h that m a y be u s e d m 
the development of c r i t e r i a for fue l -e lement f a i l u r e . 

The s e r v i c e t e m p e r a t u r e of the fuel cladding in the L M F B R i s e x ­
pected to be between 400 and 600''C (0 .3Tm to O . S T ^ * ) . The p l a s t i c d e ­
fo rmat ion of many meta l l i c s y s t e m s has been s tudied e x t e n s i v e l y wi th in 
th is t e m p e r a t u r e range , and the o c c u r r e n c e of g r a i n - b o u n d a r y s l id ing (GBS) 
as a deformat ion m e c h a n i s m is well documen ted . ' H a r t p r o p o s e d a m o d e l 
to account for the s t r a i n - r a t e dependence of the appl ied s t r e s s for po ly -
c r y s t a l l i n e m e t a l s , ^ ' ' F r o m this model , one would expec t g r a i n - m a t r i x -
cont ro l led deformat ion ( G M D ) at low t e m p e r a t u r e s a n d / o r h igh s t r a i n r a t e s . 
Under these condit ions, the s t r a i n - r a t e s ens i t i v i ty (SRS) i s low. [SRS i s 
defined as (3 In a /9 In e)g.] At high t e m p e r a t u r e s a n d / o r low s t r a i n r a t e s , 
within the region of i n t e r e s t in the p r e s e n t r e p o r t , the c o n t r i b u t i o n of GBS 
wil l i n c r e a s e . An i n c r e a s e in deformat ion by GBS c o n t r i b u t e s to an i n ­
c r e a s e of the SRS of the m a t e r i a l , ' ' ^ and an i n c r e a s e in the SRS a f fec t s the 
p las t ic ins tabi l i ty exhibited by a po lyc rys t a l l i ne m e t a l . 

Unstable plas t ic flow of m e t a l s under b i ax ia l t e n s i o n is a w e l l -
recognized fa i lure mode in th in-wal l t u b e s . The t r a d i t i o n a l i n s t a b i l i t y 
c r i t e r i o n in uniaxial tension is based so le ly on the w o r k - h a r d e n i n g c o n ­
cept or ig ina l ly proposed by Cons idere ,^ Lankford and S a i b e l ' have ex tended 
the work-harden ing concept to th in -wal l c y l i n d e r s u n d e r b i a x i a l load . How­
ever , Har t ' s* ' ins tab i l i ty c r i t e r i o n is m o r e g e n e r a l i z e d b e c a u s e it c o n s i d e r s 
work hardening and the SRS c h a r a c t e r i s t i c s of a p o l y c r y s t a l l i n e m e t a l . 
H a r t ' s gene ra l i zed c r i t e r i o n is p a r t i c u l a r l y r e l e v a n t to the b e h a v i o r of fuel-
e lement cladding, because work hardening is a b s e n t dur ing n o r m a l r e a c t o r 
opera t ing conditions where nea r s t e a d y - s t a t e c r e e p p r e v a i l s . T h i s c r i t e r i o n 
pos tu la tes that a po lycrys ta l l ine m e t a l wil l be p l a s t i c a l l y m o r e s t a b l e d u r i n g 
c r e e p in regions where the SRS is high. As s t a t ed , the c o n t r i b u t i o n of GBS 
becomes apprec i ab le in the region of high SRS, m a k i n g p o s s i b l e a change in 
fa i lure mode . ' ' 

In c r e e p e x p e r i m e n t s with h i g h - p u r i t y a l u m i n u m and a l u m i n u m 
al loys Servi and G r a n t ' o b s e r v e d a o o n s i s t e n t p a t t e r n in the t r a n s i t i o n of 
the fa i lure mode from t r a n s g r a n u l a r to i n t e r g r a n u l a r f a i l u r e a s the con ­
t r ibut ion of GBS became s ignif icant . T h e i r o b s e r v a t i o n s s u g g e s t an i n t i m a t e 
*Tm is the absolute melting temperature. 



relation between the failure mode and the phenomena of GBS and plastic 
instability. On a log-log plot of s t ress (a) versus strain rate (e), the ob­
served transit ion occurs at different values of strain rate as a function of 
temperature and grain size. Hart^ has proposed arguments that account 
for the observations of Servi and Grant. He suggests that if grain bound­
ar ies a re permitted to slide (after some finite strain), grain-boundary 
cracking would be favored in the region of low e and inhibited in the region 
of high fi in the Servi and Grant experiments . Thus, in uniaxial tension 
tes ts , GBS can be expected to affect the failure mode, the axial strain at 
failure, and the reduct ion-in-area at failure. The application of this con­
cept to the behavior of internally pressur ized thin-wall tubes can have 
important implications in the analysis of fuel-element fai lures. Under 
fission-gas loading, cladding failure may occur either by a pinhole perfora­
tion of the wall or by violent rupture, depending on the test conditions. One 
purpose of the present report is to establish a relationship between GBS and 
pinhole failures and between plastic instability and violent rupture of the 
cladding under fission-gas loading conditions. 

Burst, s t r e s s - to - rup tu re , and creep tests have been conducted on 
thin-wall tubes under biaxial (gas pressure) loading conditions by several 
investigators in cladding development programs for LMFBR. (The data 
of other investigators and a discussion of the resul ts a re presented in the 
appendix.) 

The present report extends Hart 's^ plastic instability cri terion in 
uniaxial tension to thin-wall tubes under biaxial load. Experimental resul ts 
obtained at ANL and by other investigators a re presented and discussed in 
te rms of failure by both plastic instability anfi GBS. Finally, the applica­
tion of these resul ts to the development of failure cr i ter ia for fuel-element 
cladding a re considered, and suggestions a re made for further research in 
the area of fuel-element failure mechanisms. 

II. PLASTIC-INSTABILITY CRITERION FOR BIAXIAL LOADING 

As mentioned. Hart's** plastic-instabil i ty cr i ter ion for uniaxial ten­
sion is derived in t e rms of the work-hardening capacity and the SRS of a 
mater ia l . Both quantities a re intrinsic mater ia l propert ies and will be 
designated by Y and m, respectively. In accordance with Har t ' s approach, 
the plastic deformation in uniaxial tension will be stable when 

Y + m a: 1. (1) 

In Eq. 1, 

2 1 ^ 
^ ~ a he 
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e 3a 
m = - T^ 

a OS 

where a is the applied s t r e s s , e is the t r u e s t r a i n , and e i s the t r u e s t r a i n 

r a t e . 

The following ana lys i s for extending the p l a s t i c - i n s t a b i l i t y c r i t e r i o n 
for un iax ia l tens ion, a s given in Eq. 1, to i n t e r n a l l y p r e s s u r i z e d , t h i n - w a l l 
tubes IS not g e n e r a l i z e d . It appl ies in p a r t i c u l a r to p l a s t i c i n s t a b i l i t y t h a t 
o c c u r s as an e l l ipso ida l bulge for which the m a j o r a x i s i s p a r a l l e l to the 
longi tudinal tube axis and is l a rge c o m p a r e d with the m i n o r a x i s . The i n ­
s tab i l i ty c r i t e r i o n adopted for the p r e s s u r i z e d tube is that u s e d by L a n k f o r d 
and Saibel ,^ 6P = 0, whe re P is the i n t e r n a l p r e s s u r e . The p l a s t i c d e f o r ­
ma t ion is s table when 

Si* „ 6 In r „ , -,^ 
— > 0 or — <0 , (2) 
or 6 In r 

whe re r i s the tube r ad ius , ir is the t i m e d e r i v a t i v e of r , and the m e a n i n g 
of 6 i s s i m i l a r to that used by Hart .^ The jus t i f i ca t ion of the c r i t e r i o n 
given in Eq. 2 will depend on the future deve lopmen t of a m o r e g e n e r a l i z e d 
v e r s i o n for the p l a s t i c - i n s t ab i l i t y c r i t e r i o n for i n t e r n a l l y p r e s s u r i z e d t h i n -
wall t u b e s . 

In a c c o r d a n c e with Lankford and S a i b e l , ' we can w r i t e 

C^h 

P = - ^ ' (3) 

w h e 

a^Y - tangent ia l s t r e s s , 

h = wall t h i ckness , 

h = h, e x p ( - c ^ - e ^ ) , (4) 

r = ro exp(e,p). ^^, 

In Eqs 4 and 5, ho and ro a r e the i n i t i a l v a l u e s of h and r , r e s p e c t i v e l y 
e,j, and e ^ a r e the tangent ia l and a x i a l s t r a i n s , r e s p e c t i v e l y . 

a n d 

with 

a n d 
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F o l l o w i n g Lankfo rd and Sa ibe l , g iven < J X / ' ' L = "̂  > 0 ( w h e r e O L i s 
the a x i a l s t r e s s ) and the flow equa t i ons , ^ 

P = _ ° a ^ e x p ( - e T 3 ^ ) • (6) 

A c o n d i t i o n f o r p l a s t i c i n s t a b i l i t y in the p r e s s u r i z e d t h i n - w a l l e d tube is 

, „ S P 3 P 
8 P = ^ — S O T + :;— Sex = 0, o a x oerp ^ 

which, when app l i ed to Eq . 6, l e a d s to 

3(V 
rScrp + a ^ e r = 0. (7) 

-1 ZO! - 1 1-

A s s u m i n g an i s o t r o p i c m a t e r i a l and fol lowing H a r t ' s a p p r o a c h , we m a y 
•wr i t e 

60 = aY8e + ( a / e ) m 6 e , (S) 

w h e r e a, e, and e a r e the effect ive s t r e s s , s t r a i n , and s t r a i n r a t e , r e s p e c ­
t ive ly , and Y and m a r e e x p e r i m e n t a l l y d e t e r m i n e d m a t e r i a l p a r a m e t e r s 
ob ta ined in s i m p l e t e n s i o n . 

F o r the c a s e of b i a x i a l loading , we have 

a = ax<Pi(ff), , (9a) 

i = erj,tp2,(a), (9b) 

and 

e = erpCp3(Q'), (9c) 

w h e r e the cp's a r e funct ions of Q*. Combin ing E q s , 7 and 9 a - c , we ob ta in 

^T 

The e x p r e s s i o n for cp̂  i s d e r i v e d f r o m the def in i t ion of e and the flow 
e q u a t i o n s , 

'1 - a + or^ (I - a+ c^\ 

*̂ ''̂ ' = U -1/2 ) 

Using E q s , 7 and 10 and r e c a l l i n g tha t 
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6e-

6ir ir 6r 
oe T. = — ~ , 

J, r r r 

we m a y conclude 

6 In r 
6 In r 

-3a' 
Za - 1 

+ tP2(a')Y - m 
( H ) 

Therefore, the deformation of an internally pressurized thin-wall tube is 
stable when 

tP2(Q')Y - m 20' - 1 > 0, (12) 

The criterion in Eq. 12 reduces to the result derived by Lankford and 
Saibel' for a strain-hardening material that exhibits negligible s t ra in-
rate dependence. 

Following Hart,** the growth of inhomogeneities in a thin-wall tube 
during creep deformation, where Y = 0, is governed by 

6r (?) 
C2CV-i)m 

6ro. (13) 

Under gas-pressure loading conditions, O" = 2. It is evident from 
Eq, 12 that a thin-wall tube under gas-pressure loading has a tendency to­
ward instability, and the growth of inhomogeneities (see Eq. 13) is enhanced 
because of biaxial loading. 

III. SPECIMEN MATERIALS AND TEST PROCEDURE 

The nominal dimensions of the tube specimens used in the present 
creep experiments are 0.290-in. OD, 0.020-in. wall thickness, and 4-in. 
length. The specimens were fabricated from AISI Types 304 and 304L 
stainless steel tubing obtained from two vendors. The seamless Type 304 
stainless steel tubing (HT 71059) had been used for the encapsulation of 
experimental fuel alloys during in- reac tor i rradiat ion studies. The seam-
welded Type 304L stainless steel tubing (HT 840505) is s imilar to tubing 
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used for in- reac tor creep experiments in EBR-II. '° Both mater ia ls were 
used in the solution-annealed condition (cold-worked tubing heated to 1950°F 
for 1/2 hr and water-quenched) and had an ASTM 7.6 matr ix grain size. 
The Type 304L stainless steel tubing had an ASTM 9 weld grain s ize. 
Chemical analyses for the two mater ia ls a re listed in Table I. 

TABLE I. Compositions and Room-temperature Mechanical Properties of Thin-wall 
Austenitic Stainless Steel Tubes Used in Biaxial Creep Experiments^ 

Room-temperature Properties 

Type 304L Stainless 
Steell) (annealedl 

Type 304 Stainless 
Steele (annealed) 

c Mn P 

Contents, % 

S Si Ni Cr Ti Cu Mo 

Vendor's Analysis 

0.30 

0.30 

1.37 

1.30 

0.01 0.007 0.62 9.26 18.29 

Confirming Analysis--Commercial 

0.012 0.013 0.61 8.16 18.47 

Vendor's Analysis 

0.02 0.074 0.02 

Uniaxial Tensile Vield 
Strength, ki. Strength, ksi Elongation, * Hardness. 

0-06 1.66 0-029 OOH 043 9.71 

Conlirming Analysis--Commercial 

Interstitials. ppm 

^All tubes O.Z«-in. OD by O.Z50-in. ID by 0.a)-in- nominal wall thickness; completely inspected by ultrasonic and eddy-current technigues. 
»He3t WSOi, MIM tube. 
^Heat 71039; seamless tube. 

All specimen tubing was nondestructively inspected by eddy-current 
techniques and verified to be free of defects (e.g., scratches, laps, or 
gouges) that penetrated >3% of the wall thickness. The selected tubing that 
contained defects penetrating <3% of the wall thickness was considered to 
be defect-free. Artificial defects that penetrated 5% of the wall thickness 
were introduced into some specimens by electr ical-discharge machining. 
The standard defect size was 0.060 in. long Ijy 0.005 in. wide by 0.00075 in. 
deep. Artificial defects were located on either the outside or inside tube 
surfaces at orientations paral lel (p = 0°), inclined (p = 45°), or perpendicular 
(P = 90°) to the tube axis . The purpose of the biaxial creep tests on de­
fected specimens was to determine the effect of defects on the failure mode 
and failure s t ra in . Most of the artificially defected specimens contained 
one defect with various combinations of defect location and orientation. 
Some specimens contained two defects with different combinations of loca­
tion and orientation. Only those defects oriented paral lel to the tube axis 
(P = 0°) will be discussed. 

The specimen design and test apparatus and procedure a re described 
in Ref. 1 I . The value of Oj, was calculated in accordance with standard 
formulas. ^ Posttest specimen examination included density measurements 
and inspection of grain size and micros t ruc ture by light microscopy. The 
fracture mode (intergranular versus transgranular) was determined by 
using scanning electron microscopy (SEM). Density measurements were 
made by the classical liquid-displacement method using trichloroethylene. 
Specimen sections examined by light microscopy were vibratorily polished 
and etched with 10% oxalic acid for micros t ruc ture detail and with 60% 
nitric acid for gra in-s ize measurements . 
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IV. EXPERIMENTAL R E S U L T S 

R e s u l t s for s h o r t - t e r m b u r s t and l o n g - t e r m c r e e p and s t r e s s - t o -
r u p t u r e t e s t s will be given for va r ious condi t ions of t e m p e r a t u r e , s t r e s s , and 
r e s u l t a n t s t r a i n r a t e s . Evidence will be p r e s e n t e d to show the r e l a t i o n s h i p 
be tween fa i lu re mode and the fa i lure m e c h a n i s m . In th i s and the r e m a i n i n g 
s ec t i ons the following r e p r e s e n t a t i o n s wil l be used for the s a k e of b r e v i t y : 
appl ied tangent ia l s t r e s s (CTT): Von Mises o r effect ive s t r e s s (CT); d i a m e t r a l 
s t r a i n (e), which is m e a s u r e d as AD/DOJ d i a m e t r a l s t r a i n r a t e (e) , which i s 
m e a s u r e d a s (d /d t ) ( iD/Do); m i n i m u m or s t e a d y - s t a t e s t r a i n r a t e (e j„ ) ; and 
f r a c t u r e s t r a i n (e£). 

The two fa i lure modes m o s t commonly o b s e r v e d in b i a x i a l c r e e p 
and s t r e s s - t o - r u p t u r e t e s t s a r e the violent r u p t u r e (R) and the p inho le l eak 
or f i s s u r e ( F ) that pe r fo ra te the tube wal l . In each c a s e , e j i s t aken a s the 
value of e at the point of fa i lure if fa i lu re o c c u r r e d wi thin a few m i n u t e s 
af ter the las t d i a m e t e r nneasurement . It m a y a l s o be t a k e n a s the va lue of 
e obtained f rom a dupl icate , unfailed s p e c i m e n tha t was t e s t e d s i m u l t a n e ­
ous ly with the failed spec imen and found to exhibi t a s i m i l a r s t r a i n p r o f i l e . " 
The t i m e to fa i lure is taken as the to ta l t e s t t i m e to the point of l o s s in 
spec imen p r e s s u r e . Pinhole fa i lu res a r e de t ec t ed p r i m a r i l y by a g r a d u a l 
and u n r e c o v e r a b l e d e c r e a s e of the vacuum leve l in the f u r n a c e , even though 
the spec imen p r e s s u r e may be unaffected. Most p inhole l e a k s d e t e c t e d a t 
e levated t e m p e r a t u r e a r e not eas i ly located a t r o o m t e m p e r a t u r e e v e n a t 
a 200X magnif icat ion. Violent rup tu re f a i l u r e s a r e e a s i l y d e t e c t e d by a 
g r o s s and sudden loss in spec imen p r e s s u r e . 

Biaxial c r e e p data at 550-700°C for Types 304 and 304L s t a i n l e s s 
s t ee l a r e p r e sen t ed in F ig . 1 in the fo rm of a log- log plot of 5 v e r s u s e 
The s t r e s s and t e m p e r a t u r e dependence and the m a g n i t u d e of e a r e 

304 SST (ANNEfiLED) 
ASTM G. S. 6,7 

IREF, ANL DATAI 

3O4LSST(ANNEALE0l 

" ™ H o ' i - " E n N T S ^ „ " . T . ' ' / ' " " = " ™ " • • « ' = INSTABILITV 
, , .7. INTEIWHAm.AR FAILURE DUE TO G. B SLIDING 
( I MAXIMUM DIAMETRAL STRAIN SLIUP^V, 

P0INT3 NOT DESIGNATED R OR F REPRESENT 
TESTS TtRUINATEO BEFORE FAILURE „ „ G | 

„^A,3.A^9) (15)01,821 

650*C ^ 

TESTED IN VbCMU 

MINIMUM 0I4METR4L STRAIN RATE, h, - i 

Fig, 1 

Effective Stress vs Minimum Diametral 
Strain Rate fot Annealed Types 304 
(seamless) and 304L (welded) Stainless 
Steel Tubes Tested at 550-700°C. Neg. 
No. MSD-54367. 
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13-16 
consistent with the resul ts of other invest igators . (Results of Rowe e t a l . 
a re given in the appendix.) Figure 1 shows the failure mode ( F or R) and 
e£ for each data point. The ef values in percentages a re given in parenthe­
ses . When two values of ef a re given, they represent the range of values 
obtained from multiple specimens. 

The density change for tube specimens tested at two values of ê ĵ  
is presented in Fig. 2 in a log-log plot as the fractional density decrease 
(-Ap/po) versus the testing t ime. The value of e, in percent, for each data 
point is given in parentheses . Figures 3 and 4 a re photomicrographs of 
t ransverse cross sections of tube specimens that indicate the size, loca­
tion, and distribution of cavities for tes ts conducted at low and high values 
of ejxi- These same specimens were used to obtain the density data p re ­
sented in Fig. 2. Figure 5 shows fractographs obtained by SEM from the 
fractured surfaces of two specimens from the same test se r i e s . 

1 

ASTM G,S, 6,7 
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1 

Fig. 2 

Density Change as a Function of Time 
for Annealed Type 304L (welded) Stain­
less Steel Tubes Tested at 650°C at 
High and Low Strain Rates. Neg. No. 
MSD-54385. 

F i g u r e 6 shows the m a c r o s c o p i c a p p e a r a n c e of t y p i c a l tube f a i l u r e s 
ob ta ined a t high and low e j ^ . The f a i l u r e a r e a s of the s p e c i m e n s in F i g . 6 
a r e shown a t g r e a t e r m a g n i f i c a t i o n in F i g . 7. S t r a i n p r o f i l e s tha t c o r r e ­
spond to t h e s e t h r e e s p e c i m e n s ( s ee F i g . 8) i n d i c a t e the ex ten t of p l a s t i c 
i n s t a b i l i t y tha t o c c u r s a t the f a i l u r e s i t e . It i s c l e a r f r o m F i g . 8 tha t the 
d e v e l o p m e n t of p l a s t i c i n s t a b i l i t y i s in f luenced by a h igh s t r a i n r a t e . 

A r t i f i c i a l l y i n t r o d u c e d de fec t s wi l l affect the d e v e l o p m e n t of p l a s t i c 
i n s t a b i l i t y in t h i n - w a l l t u b e s . The t h r e e s p e c i m e n s shown in F i g . 9 had 
one o r m o r e a r t i f i c i a l d e f e c t s , of the s i z e p r e v i o u s l y m e n t i o n e d , wi th a 
P = 0° o r i e n t a t i o n . T h e s e de fec t s w e r e l oca t ed on the o u t s i d e s u r f a c e of 
one s p e c i m e n ( F i g . 9a) , on the i n s i d e s u r f a c e of the s econd ( F i g . 9b), and 
on bo th s u r f a c e s of the t h i r d ( F i g . 9c ) . At 650°C and a t high s t r a i n r a t e s 
( c j ^ > 1 x 10"^ h r ' ' ) , the t e s t r e s u l t s show the fol lowing: (a) F a i l u r e 
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Fig. 3. Transverse Section of Failed Type 304L (welded) Stainless Steel Tube Tested at 
650°C and Low Strain Rate (em " 4.2 x 10""* hr"-'), (a) Pinhole failure at base 
metal-weld interface. Mag. 200X. Neg. No. MSD-52557. (b) Base metal 180° 
from point of pinhole failure. Mag. 200X. Neg. No. MSD-52453. Note grain-
boundary voids, equiaxed grains, and evidence of grain-boundary sliding. 
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(a) 

(b) 

Fig, 4, Transverse Section of Failed Type 304L (welded) Stainless Steel Tube Tested 
at 650"C and High Strain Rate (e^i »= 1.4 x 10"^ hr ). (a) Ruptured edge (mag­
nified in Fig. 7a). Mag. 200X. Neg. No. MSD-54331. (b) Weld-base metal 
area 90° from ruptured edge. Mag. 200X. Neg. No. MSD-54333. Note elon­
gated grains, voids that extend into the grain matrix, and no evidence of grain-
boundary sliding. 



Fig. 5. SEM Fractographs of Rupture and Pinhole Failures in 
Type 304L (welded) Stainless Steel Tubes Tested at 
eSCC at High and Low Strain Rates, (a) Ruptured 
edge shown in Fig. 4a. (b) Pinhole failure shown in 
Fig. 3a. Note transgranular and intergranular natuie 
of rupture and pinhole failures that occur at high and 
low strain rates, respectively. Neg. No. MSD-57167. 
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(a) 

(c) 

Fig. 6. Profiles of Rupture, Pinhole, and Fissure Failures in Annealed Types 304 (seamless) and 304L (welded) 
Stainless Steel Tubes Tested at 65Q°C at High and Low Strain Rates, (a) Rupture failure shown in 
Figs. 4a and 5a. Mag. ~1X. Neg. No. MSD-53334. (b) Pinhole failure shown in Figs. 3a and 5b. 
Mag. ~1X. Neg. No. MSD-52397. (c) Fissure failure in Type 304 stainless steel tested at low strain 

rate ( e^ 
failure. 

' 7.5 X 10"5 hr •*•). Mag.~ljX. Neg. No. MSD-43975. Note high local strain in rupture 
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Fig. 7 

Magnified Appearance of Rupmre-, Pinhole-, - d Fissure-

failure Profiles Shown in Fig. 6. (a) Mag. ~ V < - ^ 8-

NO MSD-52978. (b) Mag. - S i X . Neg. No. MSD-52398. 

(c) Mag. ~9X. Neg, No, MSD-43977. 
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occurred at the defect site, (b) ef was in all cases much smaller than that 
for s imilar tubes free of artificial defects, (c) location and orientation of 
the defect will affect ej, and (d) the specimen in Fig. 9b might have failed 
by pinhole leak if the specimen were defect-free because of the lower strain 
ra te . At low strain ra tes (e^j^ « 10"* h r" ' ) , the artificial defect used in 
these tes ts has no effect on ej nor on the location of the failure. These r e ­
sults a re consistent with those in Refs. 15 and 16. 

Incipient, intergranular cracks oriented paral le l to the specimen 
axis (P = 0°) were observed on the inside surface of specimens after finite 
values of e were achieved. These cracks a re evident in the t ransverse 
cross section shown in Fig. 10. Their depth increases with local strain, 
as shown quantitatively in Fig. 11. 

V. DISCUSSION 

The purpose of this section is to identify the failure mechanisms 
for austenitic stainless steel thin-wall tubing under various s t ress and 
temperature conditions. Following the concepts proposed by Hart,^" '^ it 
will be demonstrated that tube-specimen failures by pinhole leak are con­
trolled by GBS, and failures by violent rupture are controlled by mechanical 
instability. It will also be emphasized that the magnitude of e£ is a conse­
quence of the controlling failure mechanism. 

At elevated tempera tures and high strain rates plastic deformation 
of polycrystalline metals will be controlled by GMD.^ Under these condi­
tions, the contribution of GBS to the total def<jrmation is insignificant. 
However, the contribution by GBS can increase to a significant level at 
higher s train rates if the test tempera ture is increased. The same effect 
may be achieved at constant tempera ture if the strain rate is decreased. 
Therefore, at a given tempera ture , an increase in GBS is associated with 
a decrease in s train rate and will contribute to an increase in the slope of 
the curve of log F versus log Cĵ .̂ The biaxial creep data in Fig. 1 show a 
change in slope as a function of e j^ . This observation is supported by the 
biaxial s t r e s s - to - rup tu re data of Lovell and Ba rke r , ' as presented inF ig . 12 
(see also F igs . 16-21 in appendix). 

Under nearly steady-state creep conditions, mater ia l work hardening 
is negligible. The mechanical stability of the specimen is then governed by 
the SRS. In Sec. II, it was shown that the mechanical stability of the speci­
men inc reases as the SRS inc reases . Inasmuch as the SRS is lower in the 
region of low tempera ture and/or high s t ra in ra te , the failure mechanism 
should be governed pr imar i ly by plastic instability. The failure mode to 
be expected is the violent rupture by t ransgranular fracture, and the mic ro -
s t ructure should show elongated grains in the vicinity of the fracture . Con­
versely, as the tempera ture increases and/or the strain rate decreases , the 
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(a) (b) 

Fig. 10. Longitudinally Oriented Intergranular Cracks That Occur on Inside Surface of Annealed Type 304L (welded) Stainless 
Steel Tubes Tested at 650°C at High and Low Strain Rates, (a) Rupture failure at e^, = 1.4 x 10-2 jj^-l y^ ^^.^^ 
Neg. No. MSD-54319. (b) Pinhole failure at 6 ^ !» 4.2 x 10-4 i,r-l. Mag. ~9X. Neg. No. MSD-54311. 
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Vinnld exhibit a tendency toward grea ter 
SRS increases, and the ^ P - ^ - ^ ^ ^ B " t ^ ^ ^ , , significant in this region, and 
mechanical stability. However ^1^^^^.^^^^ ^ i l l fail by in tergranular 
Hart« proposes that uniaxially ''^^yy^y^^^^^.ny p ressur ized thin-wall 
fracture. Applying sir^ilar - - ™ , l ° ; : g ^ J / c r a c k i n g will favor a 
tubes leads to the -°"'=l-=^°" *^"'.'.^^^f/^...^ by the interconnection of 
pinhole perforation of the tube walL J ^ ^ " ^ ^ l ^ The above a rgu-
grain-boundary cavities ^^^ ^if^^ yJfZde. and e / i s substantiated ment concerning t^e^^ange m SRS, ^aUure ^^ J^^^^ ^^^ ^^^^^^ , 
both by the present data m Fig. 1 and by tne w p., .^^ „„ the exper i -
(Also see data from Refs. 36-40 in the appendix.) Based on the experi 
m e 2 l resuUs, the following statements can be made concernmg faUures 
in pressurized thin-wall tubes: 

1. Failure by pinhole leak is favored at high tempera ture and/or 
low strain rates. 

2. Failure by violent rupture is favored at lower tempera ture 
and/or high strain rates . 

3. Transition in the failure mode from the in tergranular pinhole 
leak to the transgranular violent rupture will shift to higher 
strain rates with increasing temperature . 

4. Failure strain decreases as the tempera ture increases or the 
strain rate decreases, because of the increase in GBS. 

5. Time to failure will be determined as usual by the s train rate 
and the failure strain. 

The experimental results in Figs. 2-5 substantiate the presence of 
GBS during plastic deformation. Figure 2 shows that the decrease in den­
sity (-ip/po) of the austenitic stainless steel due to cavity formation has a 
linear time dependence at em = 4.2 x lO"* hr" ' , after an appreciable amount 
of accumulated strain. The trend of these data suggests that in the ear l ie r 
stages of plastic deformation the density decrease exhibits a nonlinear time 
dependence and that a high initial rate of cavity formation prevai l s . This 
behavior is consistent with the observations of Gittins'^ for polycrystalline 
copper creep tested at 400°C. In the region of linear density change, Gittins 
concluded that the observed density decrease corresponds to cavity growth 
by vacancy diffusion. Grain-boundary sliding is important to the nucleation 
of cavities during the initial stages of plastic deformation. The cavities are 
not nucleated spontaneously, but rather as a function of time over a finite 
range of initial plastic deformation. In Fig. 2, the curve for e^^ = 1.4 x 
10 ^ hr ' shows a density change with a higher power dependence on t ime, 
which suggests the existence of more than one mechanism for cavity for­
mation. The possibility of an additional mechanism for cavity formation 
at the higher strain rate is supported by the t r ansver se sections of the den­
sity specimens shown in Figs. 3 and 4. Figure 3 is a section at the pinhole 
failure that developed at the lower value of e^^ («4.2 x 10"* h r " ' ) . It shows 
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a predominance of grain-boundary cavities, grains that are nearly equiaxed, 
and evidence of G B S . " ' " Figure 4 is a section at the site of the violent rup­
ture that occurred at the higher e^n (~1.4 x 10"^ h r " ' ) . It shows grain-
boundary cavities that extend into the grain matr ix and elongated grains. 
Scanning-electron micrographs of the fractured surfaces of the pinhole 
leak and the violent rupture failures presented in Figs . 3 and 4 are shown 
in F igs . 5a and b, respectively. The micrograph in Fig. 5a is typical of 
t ransgranular fracture that occurs at high strain r a t e s . In contrast, the 
grain facets shown in Fig. 5b are associated with intergranular fracture 
at low s t ra in r a t e s . The evidence in F igs . 3-5 supports the conclusions 
presented in the preceding paragraph that GBS becomes important at lower 
strain r a t e s . 

Typical specimen profiles for failures by violent rupture, pinhole 
leak, and f issure that occur in internally pressur ized thin-wall tubes are 
shown in F igs . 6a, b, and c, respectively. A magnified view of each fail­
ure mode is shown in F igs . 7a, b, and c. Strain-profile measurements 
have been made at several time intervals for the specimens shown in 
F igs . 6 and 7. The strain-profi le curves a re given in Fig. 8 and i l lustrate 
the progress ive development of mechanical instability. It is evident from 
Fig. 8 that the localized plastic strain is much lower for the pinhole and 
fissure failures than for violent rupture. The amount of localized plastic 
strain increases with the strain rate and with changes in failure mode. 
This behavior is consistent with the concept discussed ear l ie r that the SRS 
is low in the region of high strain ra tes , which resul ts in an enhancement 
of plastic instability. But this does not mean that the tube specimens are 
completely stable at the lower strain ra tes where the SRS is higher. Rather, 
the intergranular pinhole failures a re usually observed at sufficiently low 
total deformations; therefore, plastic instability has not yet developed, or 
is in the early stages of development but has not progressed appreciably. 

The observed effect of an artificially introduced defect supports 
the conclusion of plast ic-instabil i ty enhancement at higher s train ra tes . If 
the sole consequence of an art if icial defect is s t r ess concentration at the 
defect site, one would expect enhanced crack (defect) propagation at both 
high and low s t ra in r a t e s . This is not observed experimentally. The ex­
perimental resul ts show that the artificial defect exerts an effect only at 
higher s t ra in r a t e s . This is directly related to the concept of mechanical 
instability, as proposed by Hart.* The pressur ized specimen is less stable 
at the higher s t ra in ra tes , and the degree of instability may be inferred by 
the relative rate of local deformation as compared with the average defor­
mation. The introduction of a local defect with orientation p = 0° enhances 
the rate of local deformation at the defect site without affecting the average 
deformation rate for the remainder of the specimen. Fai lure then occurs 
at a low value of average s t ra in. At lower s train ra tes , the specimen is 
inherently more stable, and GBS will be the controlling failure mechanism. 
In the region of lower s train rate, the failure strain will decrease , and 
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plastic instability will not develop, or it is in the early stages of develop­
ment with no perceptible progress before pinhole failure occurs . J h e r e -
fore, the artificial defects described earlier will have no observable effect. 
In the intermediate-strain-rate range (Fig. 8b), failure can occur by pin­
hole leak with accompanying local strain at a specimen location^tree of 
mechanical defects. However, if a defect with orientation P - 0 is in t ro­
duced, the enhancement of mechanical instability may change the failure 
mode from pinhole leak to violent rupture (Fig. 9b). The strain-profi le 
curve shown in Fig. 8b for intermediate strain rates is evidence that GMD 
and GBS are omnipresent and competing failure mechanisms. 

Experimental results also show that the location (bore versus su r ­
face) and orientation (0° S 3 S 90°) of a defect can affect both the failure 
site and ef at high strain rates. An analysis by Yaggee and Wang^° shows 
that, for a given internal pressure, the s t ress intensity at a defect site 
will decrease as the defect location changes from the bore to the surface 
and its orientation changes from g = 0° to P = 90°. This orientation de­
pendence is consistent with the experimental observations of Lauri tzen etal .^ ' 
The specimen shown in Fig. 9c had two identical artificial defects with 
orientations of 3 = 0°, One defect was located on the surface 1.75 in. from 
a reference mark; the other was located on the bore 2.75 in. from the same 
reference mark. It is obvious that the specimen failed at the bore-defect 
site. The specimens in Figs. 9a and b each had a single artificial defect 
oriented at P = 0° located on the surface and bore, respectively. All speci­
mens in Fig. 9 failed at the defect site, which supports the contention that 
defects enhance mechanical instability at higher strain r a t e s . 

Figure 10 shows the presence of incipient cracks on the inner sur ­
face of tubes creep-tested at 650°C under biaxial load and high and low 
strain rates . The depth and distribution of these cracks a re shown inFig . 11 
as a function of local diametral strain and position away from the failure 
site for a specimen that failed by pinhole leak at an intermediate s train 
rate. The existence of these incipient cracks and their failure to propagate 
is a qualitative measure of the relative mechanical stability of the speci­
men at intermediate strain rates . 

It is worth noting that violent rupture may follow a pinhole failure 
If sufficient gas pressure is maintained to sustain a relatively high s t ra in 
rate. This was observed in the present work. On several , although infre­
quent, occasions during tests at intermediate s train ra tes (e « 10"* hr" ' ) 
in the temperature range of 550-650°C," the pinhole leak w a f f i r s t detected 
by a one- to two-decade decrease in furnace vacuum with no change in 
specimen pressure. Within minutes this was followed by a sudden and 
gross loss m specimen pressure, which is the typical symptom of a speci-
ment rupture. In each case, this phenomenon occured in specimens that 
exhibited signs of increased local deformation similar to that shown in the 
strain-profile curve in Fig. 8b. 
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The d i s c u s s i o n so far h a s not involved a d e t a i l e d c o n c e r n for the 
ef fec ts of s u c h m e t a l l u r g i c a l v a r i a b l e s a s s e c o n d - p h a s e p a r t i c l e s , g r a i n 
s i z e , r a d i a t i o n d a m a g e , and cold w o r k . F r o m the m e c h a n i c a l - s t a b i l i t y 
point of v iew, t h e s e v a r i a b l e s can a l t e r the SRS and the w o r k - h a r d e n i n g 
b e h a v i o r of a m a t e r i a l and t h e r e b y inf luence i t s p l a s t i c i n s t a b i l i t y . Some 
of t h e s e v a r i a b l e s m a y enhance c r a c k n u c l e a t i o n and p r o p a g a t i o n and t h e r e ­
fore a l t e r the c r e e p - t o - r u p t u r e p r o p e r t y of the m a t e r i a l . ^ ' G r a i n - b o u n d a r y 
b e h a v i o r wi l l a l s o depend on t h e s e v a r i a b l e s . F o r e x a m p l e , s e c o n d - p h a s e 
p a r t i c l e s in the g r a i n b o u n d a r y m a y d e c r e a s e the GBS r a t e and r e s u l t in a 
b e n e f i c i a l effect a t low s t r a i n r a t e s . H o w e v e r , a t h igh s t r a i n r a t e s t h e s e 
s a m e p a r t i c l e s m a y s e r v e a s s i t e s for c r a c k nuc l ea t i on and c a u s e e m ­
b r i t t l e m e n t . The m a t r i x and g r a i n - b o u n d a r y m e c h a n i s m s involved in m o s t 
of t h e s e c a s e s a r e not c o m p l e t e l y u n d e r s t o o d . Howeve r , the da ta f r o m the 
p r e s e n t work , a s we l l a s t ha t r e p o r t e d in the l i t e r a t u r e , i n d i c a t e tha t the 
m a g n i t u d e of t h e s e effects can be s ign i f i can t . The effect of g r a i n s ize on 
the f a i l u r e m o d e and f a i l u r e s t r a i n i s i l l u s t r a t e d in F i g s . 13 and 14. T h e s e 
f i g u r e s show the f a i l u r e p ro f i l e and the s t r a i n - p r o f i l e c u r v e for a V-20 wt % Ti 
a l l oy s p e c i m e n t e s t e d a t 650°C and a s t r a i n r a t e of 1.3 x 10"^ h r " ' for the 
s m a l l e r - g r a i n - s i z e s p e c i m e n and 2.1 x 10" h r " for the l a r g e r - g r a i n - s i z e 
s p e c i m e n . The l a r g e r - g r a i n - s i z e s p e c i m e n fai led by p inhole leak a t low 
t o t a l s t r a i n (ef » 3%) without exhib i t ing any p l a s t i c i n s t a b i l i t y . The s t r a i n 

(a) 

PINHOLE 

(b) 

Fig. 13. Profiles of Rupture and Pinhole Failures in V-20 wt lo Ti Alloy Tubes Tested at 650°C at 
, 35 High and Low Strain Rates.'̂ '̂  (a) Transgranular plastic-instability failure at em » 1.3 x 

10-3 hr"-'. Failure strain >107o. ASTM grain size 7. Mag.~lJTX. Neg.No, MSD-45647, 
(b) Intergranular failure due to grain-boundary sliding at em ~ 2.1 x lO"* ht"l . Failure 
strain ~3.2'yo, ASTM grain size <1. Mag. ~ l i x . Neg. No. MSD-45645. 
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"RUPTURE" 

V-20T.-S39-3A-2 
<r,« 30.793 PSI 
t, • 135 hf 
o_ii.l.3» IO*'hf'' 

POSITION ALONG SPECIMEN LENGTH, in. 
(a) 

§ 1 0 

V - 2 0 T i ( 4 2 0 - 1 1 ) 

- ff " 5 6 , 9 6 5 PSI 

tr =152 hr 

" e m " 2.1 Kl0"*hr" ' 

^ ^ 1 ^ , 

ASTM G.S. < 1 

"PINHOLE 

" . "^ 1 

Fig. 14. 

POSITION ALONG SPECIMEN LENGTH, in. 

(b) 

Strain-profile Curves for V-20 wt <7o Ti 
Alloy Tube Failures Shown in Fig, 13, 
(a) Transgranular plastic-instability fail­
ure, (b) Intergranular pinhole failure. 
Neg. No. MSD-54374. 
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V I . F A I L U R E C R I T E R I A 

F a i l u r e c r i t e r i a a r e n e e d e d f o r b o t h t h e d e s i g n of a r e a c t o r f u e l 
e l e m e n t a n d t h e s a f e o p e r a t i o n of t h e r e a c t o r . T h e c r i t e r i a s h o u l d e m b o d y 
c o n s i d e r a t i o n s of f a i l u r e m o d e a n d f a i l u r e c o n d i t i o n s s o t h a t t h e c o n s e ­
q u e n c e s of f u e l - e l e m e n t f a i l u r e c a n b e e v a l u a t e d f r o m t h e s t a n d p o i n t of 
r e a c t o r s a f e t y . S p e c i a l a t t e n t i o n m u s t b e g i v e n t o a b n o r m a l o p e r a t i n g 
c o n d i t i o n s . ^ ' 

T h i s s e c t i o n c o n s i d e r s c l a d d i n g f a i l u r e d u e t o f u e l a n d f i s s i o n - g a s 
l o a d i n g . H o w e v e r , no a t t e m p t i s m a d e t o d i s c u s s e i t h e r t h e t h e r m a l -
h y d r a u l i c l i m i t a t i o n s of t h e fue l e l e m e n t o r t h e c o n d i t i o n s t h a t l e a d t o 
l o c a l c l a d d i n g m e l t i n g . 
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Existing fuel-element failure cr i te r ia a re generally based on arbi­
t r a ry limits placed on cladding strain, s train ratios (uniform versus total 
strain), and fraction of remaining usable element life.^ The experimental 
results presented ear l ie r indicate that these quantities, which are the basis 
for existing failure cr i ter ia , a re affected in various ways by service con­
ditions ( temperature, s t r e s s , s train rate, and environment) and material 
pa ramete rs (v, xn, grain size, composition, and micros t ructure) . The ex­
perimental resul ts presented ear l ie r also i l lustrate an orderly transition 
in the failure mode as the test conditions and mater ia l parameters are 
al tered. In this section it will be shown how these experimental results 
can be related to failure cr i ter ia , and comments will be made on the effects 
of radiation damage, sodium environment, and fission-product attack. 

Cladding loading by fission-gas p ressu re is considered first. In 
the absence of a reactor environment, cladding failure by pinhole leak 
should be favored at high tempera tures and low fission-gas p r e s su re s . 
Under abnormal conditions that lead to high fission-gas p ressures , the fail­
ure mode is expected to be violent rupture. The transit ion between these 
two failure modes will occur at higher strain rates as the cladding tem­
perature i nc reases . As always, the cladding lifetime is a consequence of 
both the s train rate and the s train at failure. Detailed fuel-element fail­
ure cr i te r ia should account for these possibi l i t ies . 

The embrit t lement due to radiation damage is well documented in 
the l i terature based on post irradiat ion tensile and s t ress - to - rup tu re test 
resul ts obtained under uniaxial and biaxial s t r e s s conditions. The radia­
tion damage of in teres t to LMFBR in the intermediate temperature range 
(400-600°C) is associated with the swelling pjienomenon. Voids and in­
ters t i t ia l loops a re the main feature of the irradiation-induced micros t ruc­
ture . Embrit t lement due to helium bubble formation, which willbe discussed 
later, will occur in a higher tempera ture range. 

The data in Fig. 12 indicate that the embrit t lement due to void and 
loop formation lowers the strain at failure in regions where pinhole as well 
as rupture failures predominate. Figure 12 also shows that the transition 
in the failure mode from pinhole to rupture shifts to lower strain rates when 
compared with s imilar data for unirradiated, annealed specimens. F r o m 
the point of view of mechanical stability, additional considerations must be 
taken into account in the application of post irradiat ion test data. The ex­
istence of irradiat ion-enhanced creep will increase the SRS^' and improve 
plastic stability. Therefore, the failure mode observed in postirradiation 
tes ts in the tempera ture region where irradiat ion-enhanced creep predomi­
nates may not be applicable to in - reac tor conditions. Irradiation-enhanced 
creep could improve the compatibility between mat r ix deformation and 
grain-boundary deformation and result in a larger s t ra in at failure than is 
found in post irradiat ion t e s t s . This possibility has not been established 
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e x p e r i m e n t a l l y to da te . In the reg ion of h ighe r s t r a i n r a t e s , i r r a d i a t i o n -
enhanced c r e e p will no longer be impor t an t , and the p o s t i r r a d i a t i o n t e s t 
data m a y be applied d i r e c t l y to the fo rmula t ion of f u e l - e l e m e n t f a i l u r e 
c r i t e r i a . 

The effect of f i s s ion -p roduc t a t tack on the c ladding i s a m a t t e r of 
some conce rn at p r e s e n t . This a t tack can o c c u r a s g r a i n - b o u n d a r y p e n e ­
t r a t i o n a n d / o r a s a un i fo rm bulk r eac t ion over the length of the fuel c l a d d i n g . 
The r a t e of th is chemica l a t t ack is outs ide the scope of the p r e s e n t r e p o r t . 
The following d i s cus s ion will only conce rn the c o n s e q u e n c e s of the c h e m i ­
ca l a t t ack on the m e c h a n i c a l behavior of the c ladd ing . It i s p r o b a b l e t h a t 
the a t tacked zone will lose i ts l o a d - c a r r y i n g capac i ty , thus d e c r e a s i n g the 
l o a d - c a r r y i n g capaci ty of the cladding in that r eg ion . T h e r e f o r e , the effect 
of the chemica l a t tack on mechan ica l ins tab i l i ty m a y be a n a l o g o u s to tha t 
of a r t i f i c i a l defects of different g e o m e t r i e s . I n a s m u c h a s the p r e s e n t w o r k 
d e m o n s t r a t e d that a r t i f i c ia l defects exe r t an effect on c ladd ing b e h a v i o r 
only in the h i g h e r - s t r a i n - r a t e region, where i r r a d i a t i o n - e n h a n c e d c r e e p 
is l e s s impor tan t , it might be poss ib le to p e r f o r m l a b o r a t o r y t e s t s t ha t 
s imula t e f i s s ion-p roduc t a t tack by se lec t ing a r t i f i c i a l de fec t s of s u i t a b l e 
s i z e s and g e o m e t r i e s . Examples of this t e s t a p p r o a c h a r e shown in F i g . 15. 

A sho r t s c r a t c h m a y be u s e d to 
s imu la t e m e c h a n i c a l l y a s ing le p e n e ­
t r a t e d g r a i n bounda ry ; an e l l i p s o i d a l 
defect m a y be u s e d to s i m u l a t e loca l 
g r a i n - b o u n d a r y p e n e t r a t i o n o v e r s e v ­
e r a l g r a i n s ; and an o v e r a l l r e d u c t i o n 
in wal l t h i c k n e s s m a y be u s e d to 
s i m u l a t e u n i f o r m g r a i n - b o u n d a r y 
p e n e t r a t i o n o r bulk a t t a c k o v e r a 
s ignif icant p o r t i o n of the s p e c i m e n 
length. In the l o w e r - s t r a i n - r a t e 
reg ion , p inhole f a i l u r e p r e d o m i n a t e s , 
and the r e s u l t a n t f a i l u r e s t r a i n i s 
low. The effect of l i m i t e d f i s s i o n -
produc t a t t a c k would then be e x ­
pec ted to be l e s s i m p o r t a n t . 
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Fig. 15. Mechanical Simulation of Grain-boundary 
Penetration in Thin-wall Tubes by Fission-
product Attack. Neg. No. MSD-54376. 
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alone will al ter the micros t ruc ture of austenitic stainless steels .̂ ^ The 
present work has shown that the failure mode and the strain at failure that 
result from grain-boundary mechanisms and mechanical instability are 
unique to the thin-wall tube configuration under internal gas -pressure 
loading. It is therefore important that data on the failure mode and strain 
at failure be obtained from biaxial c reep- to- rupture tes ts on pressurized 
thin-wall tubes that will be relevant to the formulation of fuel-element fail­
ure c r i t e r ia . Although uniaxial tension tes ts a re eas ier to perform, at 
present no way is known to predict the creep and failure behavior of p re s ­
surized thin-wall tubes from uniaxial data with sufficient confidence. 

Fuel-e lement designs exist for which the cladding deformation 
occurs as the resul t of fuel swelling under normal reactor operating con­
ditions and some transient conditions. At high strain ra tes , where me­
chanical instability is the controlling failure mechanism, cladding loading 
by fuel displacement due to swelling will provide sufficient constraint to 
suppress or delay mechanical instability. Under such conditions, it is pos­
sible to real ize higher failure s trains than can be obtained in uniaxial ten­
sion or in biaxial tube creep- to- rupture tes ts under gas -pressure loading. 
This possibility is supported by certain observations on postirradiation 
tensile tes t resul ts of i r radiated material^^ and by the resul ts of mandrel-
loaded c reep- to- rup ture tests^^ on unirradiated tube specimens. In post­
irradiat ion tensile tes ts , local ductility has been observed in the form of 
high reduct ion- in-area values for an i r radiated mater ia l that usually ex­
hibits a low failure s train due to mechanical instability. The mandrel-
loaded tes t s showed higher s t ra in failure values than those normally 
obtained from similar tes ts using internal gas -p res su re loading. It may 
be concluded that an adequate failure strain .will be obtained at high strain 
rates when the cladding is loaded by fuel swelling. 

A possible exception to this point of view may occur in case of a 
cracked fuel. This condition may cause high local s t r ess and strain con­
centrations in the cladding. Some tes ts that use mechanical simulation 
of cladding loading by fuel swelling, as well as tes ts that produce local 
s t r ess and s t ra in concentrations, should be included in the postirradiation 
test p rogram. The present work shows that at higher temperatures and/ 
or lower s t ra in ra tes , grain-boundary sliding will be the controlling fail­
ure mechanism in the case of internal gas -p res su re loading, where 
mechanical instability is not of concern. This failure mechanism should 
be operative in the same temperature and s t ra in - ra te region, where the 
cladding is loaded by fuel swelling, provided consideration is given to the 
effect of local s t rain concentrations that a r i se from the possibility of 
cracked fuel. 

Under internal gas -p res su re loading, cladding deformation ceases , 
and failure occurs when the cladding wall is perforated by a pinhole leak, 
if the internal p re s su re is exhausted at a sufficient ra te . In contrast. 
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cladding deformation can continue after failure by pinhole leak when the 
cladding is loaded by fuel swelling, which leads to progress ive crack growth. 
In the latter instance, a complicated sodium-fuel interaction could occur, 
and its consequences on crack propagation in the cladding is unknovm at 
present. Because this phenomenon is associated with the subject of fuel-
element life after cladding failure, it will not be discussed in the present 
report. 

In summary, the present data and the accompanying discussions 
show the dependence of the failure mode and strain at failure of fuel-
element cladding on stress, temperature, strain race, and method of load­
ing (internal gas pressure versus fuel swelling). Fuel-element modeling 
studies, as, for example, the LIFE Code,^^ can be used to predict operating 
s t resses , temperatures, strain rates, and loading methods for a given fuel-
element burnup. However, note that cyclic effects will occur during normal 
power-reactor operation. The specific cyclic effects will depend upon the 
method of cladding loading, fuel cracking and healing, frictional forces be­
tween fuel and cladding, and temperature distribution. If the cyclic power 
profile under normal reactor operating conditions resul ts in appreciable 
periods of cladding deformation at low strain ra tes , the chances for cladding 
failure by intergranular pinhole leak will be enhanced. Thus far. no sys ­
tematic information, either experimental or theoretical, is available to 
define specific cyclic effects and predict their possible consequences on 
fuel-element failure. It is expected that the results based on static loading 
presented here can serve as a reasonable basis for the development of a 
failure criterion provided a safety factor is included to account for the 
cyclic effects. Future work on cyclic effects should rely on fuel-element 
modeling studies as well as experimental observations to define the pos­
sible loading schemes that are relevant to actual reactor operations and 
thereby provide a means for a systematic study of cyclic effects on fuel-
element failure. 
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APPENDIX 

Biaxial Stress- to-Rupture Data of Other Investigators 

Additional biaxial creep-to-fai lure data of other investigators^ " 
for austenitic stainless steel tubes are available, some of which are pre­
sented in Tables II and III and in Figs . 16-22. All tests were conducted 
under gas -p res su re loading conditions. 

TABLE I I . Classilication of Failure Modes for Type 316 Stainless Steel Tubes Tested at 649"C^ 

ASTM ""'' ' " » " "' 
Melt Condition Grain Si;e 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 « 41 « 43 

CEV 

IV 

IVCEV 

PD-CW 

PD-ANN 

PD-CW 

PD-CW 

PD-CW 

PD-CW 

PD-ANN 

PD-CW 

PD-CW GHT 

PS-CW 

PS-ANN 

PS-CW GHT 

^Oata from Ref, 36, 

Failure Type 

I. 

2, 
3. 

Pinhole 

Split 
Pieces 

PD-
PS-
CW 
ANN 

9/9,5 

8 

5.5/6 

9 

5.5/6 

9 

8 2 

5.5/6 

9 

6 

6 

6 I 

-Plug Drawn 
-Planetary Swaged 
-20% Cold-worked 
-•Annealed 

2 

1 

I 1 

2 2 2 

1 1 

CEV-Consumable Elec, 
IV—Induction Vacuum 
IVCEV-Consumable Elec. Plu 
GHT-Garofalo Heal Treat 

1 

1 1 

2 

3 3 

3 1 

s Induction Vacuum 

TABLE III, Classification o( Failure Modes for Type 316 Stainless Steel Tubes Tested at 705**C^ 

ASTM 
Well Condition Grain Size 11 12 13 14 15 16 17 18 19 

Stress * 1000 psi 

20 21 22 23 24 25 26 27 28 29 

CEV 

IV 

IVCEV 

PD-CW 

PD-ANN 

PD-CW 

PD-CW 

PD-CW 

PD-CW 

PD-ANN 

PD-CW 

PD-CW GHT 

PS-CW 

PS-ANN 

PS-CW GHT 

^Data from Ref. 36. 
''Micropeened. 

Failure Type 

1. 
2. 
3. 

Pinhole 

Split 
Pieces 

PD-
PS-
CW 
ANN 

9/9.5 

8 

5.5/6 

9 

5.5/6 

9 I 

8 1 

5.5/6 

9 

6 1 

6 

6 

-Plug Drawn 
-Planetary Swaged 
-20% Cold-worhed 
--Annealed 

1 

1 

1 

2,3 

1 

1 

2 

2 

2 

1 

1 

2 

1 

2 

2 

1,2 

1 

1 

2 

1 

' 3 

2 

1,2 

3 

3 

1 

2 

2 

1 

1 

3 

2 

1 

CEV-Consumable Elec. 
IV--lnduction Vacuum 

IVCEV-Consumable Elec. Plus Induction Vacuum 
GHT--Garofalo Heat Treat 



36 

.5,4P,W5|'=-^'^ 

766'C 
(ALL F'S) 

ir,3) 
TESTED IN SODIUM 

(MINIMUM DI4METRAL STRAIN RATE, h f ' 

Fig. 16. Effective Stress vs Minimum Diametral Strain Rate for 
Annealed and Cold-worked Type 304 Stainless Steel 
Tubes Tested at 486-766"C.38 Neg. No. MSD-54364, 

304SST II0-I5%CW) 
ASTM a s , 7.5 

gpo« 
b 

lgll>2l l>3 4l 5 4 2 0 C 

IMOSTLY R'S) 

TESTED IN HELIUM 

MINIMUM DIAMETRAL STRAIN RATE, hr" 

Fig. 17. Effective Stress vs Minimum Diametral Strain Rate 
for Cold-worked Type 304 Stainless Steel Tubes 
Tested at 542-766-C,38 Neg, No, MSD-54372 
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3I6SST (MILL ANNEALED) 
ASTM G, S, 7 

lieiflMl 
654'C 

izei lALL F'SI 

316 SST (10 
ASTM 6. S, 

F(,8iT^I,ll 
1,61 F 

F 

I5%C 
7 

(41(61 

* ) 
R F 

(>I,S(21 

151 (101 

1 
R R 

(>2,5) 1>2.4) 

R(>2)0 " , 
,B, (2,51 151 '>JI 

1 

654°C 
MOSTLY 

1 

F'SI 

1 

R 
(>8) 

OIOI 
R 

1 
542 'C 

1 
10-2 

MINIMUM DIAMETRAL STRAIN RATE. hr~' 

Fig. 18. Effective Stress vs Minimum Diametral Strain Rate for An­
nealed and Cold-worked Type 316 Stainless Steel Tubes 
Tested at 542-766°C in Sodium.38 Neg. No, MSD-54369. 

i 
a'-

3I6SST (MILL ANNEALED) 
ASTM G.S, 

3I6SST(I0-I5%CW) 
ASTM G,S, 7 

(1,1) (U) 542 °C 

542''C 

10'' I 0 - ' 10'* 10-3 

MINIMUM DIAMETRAL STRAIN RATE, hr" 

Fig. 19. Effective Stress vs Minimum Diametral Strain Rate for An­
nealed and Cold-worked Type 316 Stainless Steel Tubes 
Tested at 542-766°C in Hellum.^^ Neg. No. MSD-54365. 
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1 \ 
304SST (AGED 2000 fir IN SODIUM AT 542-C) 
ASTM G, S, 7.5 p 

R (3^2) ( > 6 U - 6 5 4 ^ 

TESTED IN SODIUM 

1 r-
3I6SST (AGED 20IX> hf IN SODIUM AT 542'C) 
ASTM GS, 7 

TESTED IN SODIUM 

MINIMUM DIAMETRAL STRAIN RATE, hr ' 

Fig. 20. Effective Stress vs Minimum Diametral Strain Rate 

for Aged Types 304 and 316 Stainless Steel Tubes 

Tested at 6S4°C.^^ Neg, No, MSD-54368, 

3I6SST (ANNEALED) 
ASTfH G,S, 3 

TESTED IN AIR 

">•' 1 0 " 13^5 
MINIMUM DIAMETRAL STRAIN RATE, hr"' 

Fig, 21 . Effective Stress vs Minimum Diametral Strain Rate 

for Annealed Type 316 Stainless Steel Tubes Tested 

at 738-822'C.40 Neg. No. MSD-54373. 
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ANNEALED TUBING 
4 0 - STTlESS,l3fc>i 

TEMP-7IZ-C(|3I3-F) 
•. - 867 HOURS 

goLO-WORWED TUBING 
B j l 5TH€S5- I5k, i 

t , - B05 4 HOURS 
e m - - 6 , l 0 ' l i r " ' 
GRAIN 5IZE-9 

, a)LO-*ORKEO TUBING 
T « f r - 7 l l ^ l f 3 l 3 ' F l 
I, - 26.6 HOURS 
* m - - 5 . I O ' * h r - ' AAU 

COLO-WORKEO TUBING 
STRESS - Zl ks, 
TEMP-697-CtlZ86"Fl 
I, - 8075 HOURS 

The classification of failure modes in Tables II 
and III shows a tendency toward pinhole and fissure 
failures at low s t r e s ses and, therefore, low resultant 
strain ra tes . The strain-profile curves given in Fig. 22 
for annealed and cold-worked Type 316 stainless steel 
tubes a re similar to those shown in Figs. 8 and 9, and 
indicate that pinhold-leak failures generally occur at 
lower s train rates and lower total strains than the 
rupture failures. Figure 22 also shows that, for a 
given grain size (ASTM 8-9) and temperature (~713°C), 
rupture failures in cold-worked tubes occur at lower 
s train ra tes {eni >« 5 x 10"* hr" ' ) than in annealed tubes 
(cjn ~ 5 X 10"^ hr" ' ) under gas -pressure loading. 
Likewise, for a given micros t ructure (cold-worked 
material) , grain size (ASTM 9 versus ASTM 6) can 
affect the strain rate (em ~ 6 x 10"^ hr" ' versus 5 x 
10" hr" ' ) and the strain at which failure by rupture 
might occur. 

DISTANCE ALONG SPECIE 

The s t r e s s - t o - r u p t u r e data in F i g s . 16-21 a r e 
p r e s e n t e d as c u r v e s of log CT v e r s u s log e m for 
Types 304 and 316 s t a i n l e s s s t e e l tubes in the annea led , 
c o l d - w o r k e d , and aged cond i t i ons . P inho le and f i s s u r e 
f a i l u r e s a r e d e s i g n a t e d by the symbo l (F), and r u p t u r e 
f a i l u r e s a r e d e s i g n a t e d by the symbo l (R), a s for s i m i ­
l a r data p r e s e n t e d e a r l i e r in th is r e p o r t . The p e r c e n t 
d i a m e t r a l s t r a i n a t f a i lu re for e a c h da ta point in 
F i g s . 16-21 i s i n d i c a t e d by the n u m b e r in p a r e n t h e s e s . 
It i s obvious f r o m a n i h s p e c t i o n of F i g s . 16-21 tha t p in­
hole and f i s s u r e f a i l u r e s (F) p r e d o m i n a t e a t the lower 

s t r a i n r a t e s , and r u p t u r e f a i l u r e s (R) p r e d o m i n a t e a t the h ighe r s t r a i n r a t e s . 
In g e n e r a l , t h e s e da ta s u p p o r t the s u g g e s t i o n p r e s e n t e d in F i g . 1 tha t i n t e r ­
g r a n u l a r p inhole f a i l u r e s wi l l o c c u r a t h i g h e r t e m p e r a t u r e s a n d / o r lower 
s t r a i n r a t e s , a t wh ich GBS b e c o m e s s ign i f ican t , and the f a i l u r e s t r a i n wi l l 
be low. T r a n s g r a n u l a r r u p t u r e f a i l u r e s wi l l o c c u r a t l o w e r t e m p e r a t u r e s 
a n d / o r h i g h e r s t r a i n r a t e s , a t wh ich m a t r i x d e f o r m a t i o n p r e d o m i n a t e s . In 
the l a t t e r c a s e , p l a s t i c i n s t a b i l i t y wi l l c o n t r o l the f a i l u r e m o d e , and the 
f a i l u r e s t r a i n wi l l be h i g h e r . 

Fig. 22 

Strain-profile Curves for 
Type 316 Stainless Steel 
TubesTestedat697-713°C. 
(Data from Ref. 36.) Neg. 
No. MSD-S6974. 



40 

AC KNO W LE D GME NTS 

We gra te fu l ly acknowledge the a s s i s t a n c e of J . W. S ty le s for p e r ­
forming the b iax ia l c r e e p t e s t s and the op t i ca l m i c r o s c o p y , and the a s s i s t ­
ance of W. F . Burke for p r e p a r i n g SEM f r a c t o g r a p h s of the f r a c t u r e d 
s u r f a c e s . Specia l a p p r e c i a t i o n is e x p r e s s e d to T. C. R e u t h e r , K. M. Z w i l s k y , 
J . H. Shively, Cons tan t ine S p e l a r i s , E l io t Duncombe , F . A. N i c h o l s , 
R. W. Weeks , and C. Y. Cheng for t he i r r e v i e w and c o m m e n t s on the 
m a n u s c r i p t . 



41 

REFERENCES 

1. R. N. Stevens, Grain-Boundary Sliding in Metals, Met. Rev. 11, 129-142 
(1966). a -a , 

2. E. W. Hart, A Theory for Flow of Polycrystals, Acta Met. IS, 1545-1549 
(1967). 

3. E. W. Hart, A Phenomenological Theory for Plastic Deformation of Poly­
crystalline Metals, Acta Met. IS, 599-610 (1970). 

4. E. W. Hart, Theory of the Tensile Test, Acta Met. IS, 351-355 (1967). 

5. A Considere, Ann. ponts. et chaussees 9, Sex. 6, 574-775 (1885). 

6. W. T. Lankford and E. Saibel, Some Problems in Unstable Plastic Flow 
Under Biaxial Tension, Trans. AIME 171, 562-573 (1947). 

7. I. S. Servi and N. J. Grant, Creep and Stress-Rupture Behavior of 
Aluminum As a Function of Purity, Trans. AIME 191, 909-922 (1951). 

8. E. W. Hart, Intergranular Failure, General Electric 69-C-334 
(Sept 1969). 

9. A. J. Lovell and R. W. Barker, Uniaxial and Biaxial Creep-Rupture of 
316 Stainless Steel after Fast Reactor Irradiation, WHAN-FR-19 
(Sept 1970). 

10. L. C. Walters, C. M. Walter, M. A. Pugacz, J. A. Tesk, R. Carlander, 
and Che-Yu Li, EBR-II In-Pile Creep Experiments on Stainless Steel 
Tubing, Trans. Am. Nucl. Soc. 13(1), 145 (1970). 

11. F. L. Yaggee, J. W. Styles, and S. B. Brak, Semiautomatic Apparatus 
for Creep and Stress-rupture Tests of Thin-wall Fuel-cladding Tubes 
under Internal Gas-pressure Loading, ANL-7801 (Sept 1971). 

12. R. J. Roarke, Formulas for Stress and Strain, McGraw-Hill, New York, 
4th Ed., p. 298 (1965). 

13. L. J. Cuddy, Internal Stresses and Structures Developed During Creep, 
Met. Trans. 1, 395 (1970). 

14. P. W. Davies and R. Dutton, On the Mechanisms of Tertiary Creep in 
Face Centered Cubic Metals, Acta Met. IS, 1365-1372 (1967). 

15. R. T. King, Biaxial Creep-Rupture of 0.2% Ti - Modified Type 304L 
Stainless Steel Tubing, 1969 Annual Meeting, Am. Nucl. Soc, Seattle, 
Washington, June 15-19, 1969. Also Trans. Am. Nucl. Soc. 12(1), 135 
(1969). 

16. M, M. Paxton, WADCO Corporation, Richland, Wash., private 
communication, 1971. 

17. A. Gittins, The Mechanical Cavitation in Copper During Creep, Metals 
Sci. J. 1, 214-216 (1967). 

18. H. Brunner and N. J. Grant, Deformation Resulting from Grain Boundary 
Sliding, Trans. AIME 215, 48-56 (1959). 

19. J. L. Walter and H. E. Fine, Grain Boundary Sliding, Migration, and 
Deformation in High Purity Aluminum, Trans. AIME 242, 1823-1830 
(1968). 



42 

20 F L Yaggee and I-Chih Wang, Effect of Defects on the Rupture 
L t ^ U t f " Type 304 Stainless Steel Tubes ^ ^ J ^ ^ f ^ ^ ^ ^ ^ . ^ ^ f iggg) „ 
Am. Nucl Soc Winter Meeting, San Franc isco , Calif- (Nov Dec 1^09; 
Also Trans Am Nucl So^ 22(2) , 570 (1969) 

21 T Laurl tzen A Montes, and A- Cont i , The Influence of Surface _ 
DefeTtsontCshort-Term Mechanical Properties of Austenitic Stain­
less Steel Tubing, GEAP-13550 (Dec 1969)-

22, F. L- Yaggee, unpublished work on the Biax ia l Creep ot A u s t e n i t i c 
S t a in l e s s S t e e l s . 

23. F- Garofalo, Fundamentals of Creep and Creep Rupture m Metals, 
MacMlllan, New York (1965) 

24 F. L. Yaggee and E, R. G i lbe r t , "Eifect ° t f ° ' J i " 7 , E x p o s u r e on the _̂ 
Mechanical Proper t ies ot Po ten t i a l Fuel Jacket Alloys a t 550-700 C, 
in Proa. IAEA Symp- on Alkali Metal Coolants-Corrosion Studies and 
System Operating Experience, Vienna, Nov 28-Dec 2, 1966, I n t e r n a t i o n a l 
Atomic Energy Agency, Vienna, pp 215-229 (1967). 

25. M, D. Ca re l l i et al.. Fuel Rod Design Lvmit and Transient Survival 
Criteria, WARD 4135-6 (July 1970), 

26. T. R. Bump, SWELL: A FORTRAN-II Code for Estimating Lifetimes of 
Mixed-oxide Fuel Elements, ANL-7681 (to be pub l i shed ) . 

27. S. D. Harkness, J . A. Tesk, and Che-Yu L i , An Analysis of Fast Neutron 
Effects on Void Formation and Creep tn Metals, J Nucl. Appl. and 
Tech. 9, 24 (1970), 

28. D. Kramer, K. R. Garr, C G, Rhodes, and A. G- Pard, "The Effec ts of 
Helium on the High Temperature D u c t i l i t y ot Sanvik 12R72HV and 
Inco In-744X," in Irradiation Effects on Structural Alloys for Nuclear 
Reactxir Applications, ASTM-STP-484, p, 509 (1970) 

29. K. R Garr, D. Kramer, and C G, Rhodes, The Effect of Helium on the 
Stress-Rupture Behavior of Type 316 Stainless Steel, Met- Trans- 2, 
269-275 (1971). 

30. K. Natesan and T. F. Kassner, Thermodynamic and Kinetic Aspects of 
Carbon Transport m Sodium-Steel Systems, J . Nucl, Mater, 3 7 ( 2 ) , 223 
(1970). 

31. K. Nacesan, T. F. Kassner, and Che-i'u L i , Effect of Sodium on Mechani­
cal Properties and Friction-wear Behavior of LMFBR Materials: A 
Review, submitted for publ ica t ion in Reactor Tech. (1972). 

32. R, St ickler and B. Weiss, Phase Instabilities During High Temperature 
Exposure of 316 Austenitic Stainless Steel, S c i e n t i f i c Paper 70-1D4-
STABL-Pl, Westinghouse Research Labs . , P i t t s b u r g h , Pa. (July 9, 1970)-

33. D. Frankl in , The Ductility of Irradiated Type 304 Stainless Steel and 
Its Application to Fuel Element Design, submitted fot p u b l i c a t i o n In 
J . Nucl Mater. 

34. General Electric :Sunnyvale Twenty-Ninth Quarterly Report, &EAP-5753, 
p . 83 (Nov 1968-Jan 1969) 

35. V. Z. Jankus and R. W Weeks, LIFE-I, a FORTRAN-IV Computer Code for 
the Prediction of Fast-reactor Fuel-element Behavior, ANL-7736 
(Nov 1970). 



43 

36. Stainless Steel Cladding Development Quarterly Progress Report for the 
Period Ending December 31, 1970, WARD-4135-14 (1971). 

37. W. T. Lee, Biaxial Stress-Rupture Properties of Austenitic Stainless 
Steels in Static Sodium, AI-AEC-12694 (June 1968). 

38. D. F. Atkins, Stress-Rupture Behavior of Types 304 and 316 Stainless 
Steel Cladding in High-Temperature Static Sodium, AI-AEC-12976 
(Sept 1970). 

39. J. B. Conway and P. N. Flagella, Physical and Mechanical Properties of 
Reactor Materials, GEMP-727 (Dec 1969). 

40. G. H. Rowe, J. R. Stewart, and K. N. Burgess, Capped End, Thin-Wall 
Tube Creep-Rupture Behavior for Type 316 Stainless Steel, J. Basic 
Eng. 85, 71-86 (1963). 






